Hydrophobic coatings that could survive in harsh environment have a wide range of applications from industry to houseware. However, the state of the art polymer based coatings cannot meet such requirements due to their low melting point and poor wear resistance. In this study, we reported a plasma sprayed ceramic coating made of ceria with exceptional hydrophobicity, high temperature stability and good wear resistance. 
ABSTRACT
Hydrophobic coatings that could survive in harsh environment have a wide range of applications from industry to houseware. However, the state of the art polymer based coatings cannot meet such requirements due to their low melting point and poor wear resistance. In this study, we reported a plasma sprayed ceramic coating made of ceria with exceptional hydrophobicity, high temperature stability and good wear resistance. 
Introduction
The design and synthesis of hydrophobic surfaces with high water contact angles (WCA) have attracted extensive interests in recent years [1] [2] [3] [4] [5] [6] . These surfaces are widely used in various applications from industry to home for their unique properties [7] [8] [9] [10] [11] [12] [13] [14] . In many cases, organic materials, such as polytetrafluoroethylene (PTFE) 4, 8, 10 or inorganic surfaces modified by organic materials, e.g., fluoroalkyl siloxane, 4, 15 are wildly used for hydrophobic coating due to their low surface energy, low cost, easy production process, and good corrosion resistance 16 . However, the organic coatings are not robust enough to harsh environments 17 . Specifically, they suffer from poor mechanical durability 18 complex shape at high deposition rate, which has been widely employed to fabricate coatings in industry, e.g., thermal barrier coatings for aeroengine and gas turbines, wear resistant coating for oil and gas industry, etc. 35 . Owing to the high temperature, the ceria whose melting temperature is as high as 2670 K can be easily molten, which ensure the high deposition efficiency. Otherwise, the high spraying speed produces many semi-molten powders. The deposition of the fully molten and the semi-molten ceria powders may directly create a dual scale roughness surface. To enhance the thermal stability of hydrophobic coating and avoid the spallation of the coating at high temperature, the structure of the thermal barrier coating which has a bond coat is imitated. Among the REOs, ceria (CeO2) has attracted particular interest due to its chemical stability, relatively low cost 36 . In addition, as ceramics, ceria has a higher hardness and thus more wear resistant than organic based coatings. It is expected that 5 the ceria coating produced by APS should have a superior hydrophobicity, high temperature stability, and wear resistance. However, this has never been reported to date.
Therefore, the objective of this study is to investigate the hydrophobic behavior of ceria coating prepared by APS. The hydrophobicity was evaluated through the water contact angle measurements. The ceria sintered bulk was also prepared and compared with the coating to identify the effect of plasma spraying on the hydrophobicity. X-ray photoelectron spectroscopy (XPS) was employed to detect the chemical bonding of the specimen surface. In addition, the hydrophobic mechanism of APS ceria coating was discussed in relation to the surface chemistry and morphology induced by plasma.
Experimental Section

Preparation of APS ceria coating.
The ceria coating were fabricated using a APS system, which consisted of a ceria top coat and a NiCoCrAlY bond coat on Hastelloy-X substrate, with a dimension of 50×50×5 mm 3 .The use of the bond coat which is about 153 μm thick is to improve the adherence between the ceria coating which is about 145 μm thick and the metallic substrate. Commercially ceria and NiCoCrAlY (Amdry 365-2, Sulzer Metco, Switzerland) spherical powder were used as the feedstock materials. The spherical raw ceria powder has a nominal size distribution of 30-75 μm. Prior to the deposition, the substrate was grit-blasted and cleaned in acetone. Argon was used as the powder carrier gas. The fabrication parameters were summarized in Table 1. 6 Current (mA) 500 400
Ar gas flow (L/min) 60 40
H2 gas flow (L/min) 9 5
Feed rate (g/min) 20 15 To investigate the effect of plasma spraying on the hydrophobicity, the sintered bulk specimen were prepared using the same ceria powder., which was cold-pressed into a disk pellet (30 mm in diameters, 3 mm thick), without any binding additives. The sintering was performed in a chamber furnace (Carbolite, UK) at 1873 K for 4 hours.
Then the surface of the sintered specimens were polished to a roughness of 0.23 μm.
Wetting property and stability of ceria coating.
Hydrophobic properties of the samples were evaluated by dipping a distilled water droplet with a volume of 10 μL to the coating surface. A contact angle instrument (JC2000C4, Shanghai Zhongchen, China) was employed to measure the water contact angle. For each specimen, at least five measurements were conducted at random positions on the coating surface at room temperature. To test the thermal stability, the coating was annealed at 773 K for 2 hours in air, and furnace-cooled to the room temperature, and the contact angles were immediately measured after cooling. The water contact angles and the roughness were recorded when reducing the roughness by 7 grinding the coating against a surface of abrasive silicon carbide until the substrate was exposed.
Characterizations of the ceria coating.
The morphologies of the samples were characterized using a scanning electron microscopy (SEM, Quanta 200, FEI). The roughness were measured using an optical profilometer (Zygo Zegage). At least 5 areas were tested on each sample. The surface morphology of the coating prepared using APS is shown in Fig. 1a . The surface has a dual scale structure, which is composed of large particles (about 10 μm) and small islands (less than 1 μm）surrounded ( the inset). This type of microstructure is similar to the surface of lotus leaf. It is believed that the particle size distribution of the raw powders and the partly melted powders play the important roles on the formation of dual scale structure. Fig. 1b gives the cross-section view of the coating which consists of a ceria top coat (thickness of 145 μm) and a NiCoCrAlY bond coat (153 μm thick) on substrate. Fig 1c and 1d gives the surface morphology of the polished sintered bulk. In Fig. 1d , the bulk was thermal etched at 1673 K for 2 hours to observe 9 the grain size. The mean grain size is about 2.5μm. As shown in Fig. 1e and 1f , the surface roughness of APS coating (Ra=4.89±0.09 μm) is larger than that of the sintered bulk (Ra=0.23±0.01 μm). Fig. 2 shows the XRD patterns measured from the coating surface and the sintered bulk, respectively. Both can be identified as cubic fluorite CeO2 phase, indicating that there is no difference in the phase compositions between the coating and the sintered bulk specimens. The surface wettability was evaluated using a water contact angle system. Fig. 3 a-d show the photographs of the water droplet on the ceria coating and the sintered bulk.
The water contact angle is 139±3 o is for the plasma sprayed ceria coating, and is 95± 2 o for the sintered bulk, implying that the coating is much more hydrophobic than the bulk, though they are fabricated using the same powder and with the same cubic phase.
It is well known that the water contact angle would be affected by the surface roughness.
To investigate the relationship between roughness and water contact angle, the coating was grinded using different grit papers to create different roughness. Then the water contact angles were re-measured after each grinding. demonstrates that the coating is still more hydrophobic than the sintered bulk even the coating was polished, suggesting that the APS process has a significant effect on the hydrophobicity of the ceria materials. Fig. 4 . Relationship between the water contact angles and the roughness for the ceria coating.
The red point at the right bottom represents the sintered bulk. To investigate what happened to the ceria coating during the APS process, XPS and FT-IR were employed to analyze surface chemistry of the coating and the bulk samples. As shown in Fig. 5 , for the coating sample, the spectrum is composed of three photoelectron peaks, which locates at 529.6 eV, 531.5 eV, and 532.9 eV, and the relative contents are 57.49%, 28.67%, and 13.84% respectively. The peak at 529.6 eV correspond to lattice oxygen in oxide from the cerium oxide [37] [38] [39] . The peak located at 531.5 eV corresponds to the adsorbed hydroxyl species 38, 40 . The peak at 532.9 eV is associated with adsorbed molecular water 38, 39, 41 . Whereas for the bulk specimen fabricated by sintering, the spectrum is composed of two photoelectron peaks, which locates at 529.7eV and 532.3 eV. The peak at 529.7 eV correspond to lattice oxygen in oxide from the cerium oxide [37] [38] [39] . The peak at 532.3 eV is attributed to hydroxyl groups or adsorbed molecular water [40] [41] [42] . The relative contents of the peak at 529.7 eV and the peak at 532.3 eV are 22.9% and 77.1% respectively. Compared to the sintered bulk, the plasma sprayed coating contains less non-lattice oxygen, which means the coating adsorbs less hydroxyl species and molecular water. The argument was supported from the FT-IR measurement. As shown in Fig. 6 , the transmittance signal around 3500 cm -1 was observed. The signal is caused by the surface OH-group 43 . Apparently, the coating adsorb less moisture than the bulk, which agrees with the XPS results.
Surface chemistry characterization
13 Fig. 6 . FTIR spectra of the sintered bulk and the APS coating.
Thermal stability of the hydrophobic ceria coating
To evaluate the thermal stability of the hydrophobic ceria coating, the coating was annealed at 773 K for 2 hours in the air, and cooled in the furnace to the room temperature. After annealing, the coating maintains the hydrophobicity with a water contact angle of 131±3°, which shows the ceria coating has good thermal stability and the coating is robust.
Discussion
The results obtained from this study clearly demonstrated that the plasma sprayed ceria coating exhibited a quasi-superhydrophobicity with a water contact angle up to 139 degree, significantly higher than that of the sintered bulk. It is well known that hydrophobicity is governed by the surface roughness and chemistry 6, 44 . As shown in According to Young's equation 45 , the surfaces with low surface energy tend to be more hydrophobic than those with high surface energy. To explain the roughness effect, the Wenzel model is considered 25 . In this model, the apparent contact angle ( )on a rough surface in a homogeneous regime is expressed as:
where θ is the contact angle on the flat surface, and r is the roughness ratio, defined as the ratio of the true area of the solid surface to its projection area. Since the r is always large than 1, will be higher than θ if the surface is intrinsically hydrophobic.
The APS coatings forms a rougher surface with dual scale structures as shown in Fig.   1 ,which are similar to the surface structures of lotus leaf, overwhelmingly contribute to the hydrophobic feature 44 .
However, as shown in Fig. 4 , the water contact angle of the coating is still much higher than that of the bulk even the ceria coating was polished. The reason is ascribed to the effect of APS process, which can change the amount of non-lattice oxygen in ceria. It should be noted that the non-lattice oxygen is related to adsorbed hydroxyl or water molecule [38] [39] [40] [41] [42] . The strong tendency to adsorb moisture leads to a higher amount of 15 hydrogen-bonded oxygen (O−H) groups on surfaces, i.e., hydrophilic. FTIR spectra shown in Fig. 6 also indicate that the bulk is tend to adsorb moisture compared to the APS coating.
Previous reports have demonstrated that the O/Ce ratio is a key factor to influence the hydrophobicity 39 . The higher oxygen amount is, the more likely to form hydrogen bonds with interfacial water on the surface, which benefits to wettability. Martí nez et al demonstrated that the O/Ce ratio decreased after the ceria was bombed by the Ar + ion 38 . During the APS process, the ceria powders were bombed by the Ar + ion. To investigate this point, Ar + ion bombing experiments were performed on the surface of sintered bulk. Then both the water contact angle and surface chemical state was evaluated. As shown in Table 2 , with the decreasing of O/Ce ratio, the content of the non-lattice oxygen decreases, and the surface become more hydrophobic. After Ar + ion bombard, the ceria bulk become more hydrophobic. Therefore, Ar + ion bombardment caused by APS process makes the coating intrinsically more hydrophobic. It indicated that Ar + ion bombing might be an effective way to increase the hydrophobicity of ceria material. Distinguished from the traditional the organic or organic modified surfaces, the plasma sprayed ceria coating is more thermally stable under harsh environment. Generally the ceramic coating has higher hardness and is more wear resistant. Moreover, the coating can maintain hydrophobicity even after annealed at high temperature. This is because the bond coat circumvents the problem that the coating is spalled after high temperature annealing, which derives from considerable mismatch of the thermal expansion coefficients between ceramic and substrate 24, 29 . Hence, the robust APS ceria coating exhibits good thermal stability, which shows promising potential in the application of hydrophobic coating undergoing harsh temperature variation.
Conclusion
In summary, a robust hydrophobic ceramic coatings were prepared using plasma spraying. The superior wetting ability was attributed to the intrinsic hydrophobicity of ceria, the unique surface morphology and chemistry of the sprayed coating. In addition, the plasma sprayed coating is much more hydrophobic than the sintered bulk with the same composition and the surface roughness, indicating the surface bonding was changed by plasma. XPS and FTIR measurements indicated that the coating surface exhibited a lower O/Ce ratio and less content of non-lattice oxygen. Thus the surface has less tendency to absorb the hydroxyl and molecular water in the air, leading to a higher water contact angle than the sintered bulk.
It was demonstrated that the Ar + ion bombing treatment can increase the WCA of the sintered ceria bulk specimen. Subsequent XPS measurements confirmed that the Ar + 17 bombing reduced the O/Ce ratio, due to the decrease of non-lattice oxygen, i.e., absorbed hydroxyl or molecular water on the surface. Therefore, the Ar + ion bombing might offer a new approach to increase the surface wettability of materials.
In addition to ceria, it is suggested that most REOs coating prepared by plasma spraying should have a superior hydrophobicity. As a ceramic material, such coatings have a better wear resistance and high temperature stability than the organic coatings.
Therefore, it is believed that the REOs coatings prepared by plasma spraying should have a wide range engineering application, such as power lines and oil-gas pipelines where the hydrophobicity and the robustness are both demanded.
